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We present an effective Hamiltonian for the description of ferroelectric polarizations in perovskite
oxide superlattices. To understand the ferroelectric behavior of BaTiO3n / SrTiO3m superlattices,
we constrained the local distortion modes along the c direction only and set up the effective
Hamiltonian based on the local modes that capture the physics of long-wavelength acoustic modes
strain and lowest energy transverse optical phonon modes soft modes as prescribed by the
localized Wannier functions. All the parameters in this effective Hamiltonian were predetermined
from the first-principles density-functional theory calculations of each BaTiO3 and SrTiO3
components. As an application of the model parameters, we calculated the polarizations of
BaTiO3n / SrTiO3m with n+m=5, the results of which are in good agreement with those of the
previous first-principles calculations of average polarizations as well as local polarizations. This
effective Hamiltonian procedure can provide guidance for developing ferroelectric model of other
kinds of oxide superlattices. © 2008 American Institute of Physics. DOI: 10.1063/1.2939588
I. INTRODUCTION
Recent breakthrough of epitaxial engineering of perov-
skite oxide superlattices has made it possible to fabricate
novel materials with unexpected and enhanced physical
properties1 such as strain-induced polarization enhancement.
Motivated by recent experiments in ferroelectric superlat-
tices, first-principles calculations were carried out to confirm
and quantify these intriguing phenomena of superlattices.2–4
Accurate and efficient density-functional methods have made
it possible to calculate some of ferroelectric and related prop-
erties directly from first-principles calculations for superlat-
tices. However, the first-principles approaches so far are lim-
ited to the finite-size supercell calculations of bulk or
surfaces. Moreover, first-principles calculations are
parameter-free calculations, so it is difficult to find which
physical parameter is related to which relevant physical phe-
nomena.
To complement first-principles investigations, theoretical
models such as macroscopic continuum models considering
electrostatic coupling between layers2,3 and a simple model
including nearest neighbor interaction were developed.5 Al-
though these models have contributed to the understanding
of dielectric properties of ferroelectric superlattices, they
were too simple to reflect intricate and diverse interactions at
microscopic level. For example, although these models re-
produced well average polarizations of superlattices of first
principles, they were not designed to reproduce the local
polarizations of ferroelectric superlattices because continuum
models assume that each constituent layers had the same
local polarizations. Therefore, an atomistic model reflecting
intricate and diverse interactions occurred at microscopic
level is needed to understand the ferroelectricity of oxide
superlattices.
The effective Hamiltonian method is one of the best can-
didates for the calculations of ferroelectric superlattices.
First, it has enough degrees of freedom of energy terms to
reflect complex and diverse interactions such as dipole-
dipole interactions, short-range repulsions, and elastic-
phonon couplings in ferroelectric materials. Through the
analysis of relevant physical parameters of the effective
Hamiltonian, one can provide an appropriate picture for the
experimental observations as well as complicated first-
principles calculation results. Second, it needs small amount
of computational load compared with first principles, which
enables us to calculate large unit-cell size superlattices. It
already has shown its usefulness in the analysis of the physi-
cal properties of bulk ferroelectric materials6–8 as well as
alloy systems.9,10 Recently an effective Hamiltonian model
was proposed based on the virtual crystal approximation
VCA for the Ba0.5Sr0.5TiO3.11 In this VCA approach, the
local mode term was fixed as an average value while its
variation was introduced through the coupling of local mode
and elastic deformation by the size difference between Ba
and Sr atoms. In order to understand the ferroelectric and
other physical properties of perovskite superlattices, it is nec-
essary to construct and establish an atomic model, which can
aAuthor to whom correspondence should be addressed. Electronic mail:
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take account of the local mode changes explicitly, based on a
first-principles-derived effective Hamiltonian.
In this paper, we present a detailed procedure for the
construction of a first-principles-based effective Hamiltonian
for the ferroelectric BaTiO3n / SrTiO3m superlattices,
which can be applied to other kinds of superlattices in gen-
eral. In Sec. II, we describe the local modes and their energy
terms to be used for the construction of the effective Hamil-
tonian for BaTiO3 BT and SrTiO3 ST layers with the
c-axis constraint. Following the idea of the lattice Wannier
function theory,7 we choose an approximate local basis for
the transverse optical mode and an elastic deformation for
the acoustic mode. Section III explains the model parameter
fit to the effective Hamiltonians based on the first-principles
calculation results of BaTiO3 and SrTiO3. The parameters in
the effective Hamiltonian also depend on the equilibrium lat-
tice constants, elastic constants, and effective charges of
BaTiO3 and SrTiO3, respectively. Based on the calculated
parameters, we present the results of the effective model
Hamiltonians applied for the BaTiO3n / SrTiO3m superlat-
tices. In Sec. IV, we summarize our model for the ferroelec-
tric superlattices.
II. CONSTRUCTION OF THE EFFECTIVE
HAMILTONIAN
A. Choice of the local modes for the effective
Hamiltonian
Since we are interested in ferroelectric transitions in the
superlattices consisting of BaTiO3 and SrTiO3 layers depos-
ited on the SrTiO3 substrate, we assume that the in-plane
lattice constant of the superlattice is strained at that of bulk
SrTiO3. To deal with ferroelectric distortions in the BT/ST
superlattices, it is enough to consider only small distortions
of either BaTiO3 or SrTiO3 from its equilibrium structure
under the constraint of the in-plane lattice constant. While
SrTiO3 is set to its bulk cubic equilibrium lattice constant
a0=c0=3.866 Å for the superlattice, we fixed the in-plane
lattice constant of BaTiO3 to that of SrTiO3. By relaxing the
c-lattice constant through the minimization of total energy
with the aBT=a0 constraint, we obtained cBT=4.020 Å as
listed in Table I.
For the construction of an effective Hamiltonian, it is
necessary to find a set of local lattice Wannier functions
LWF, which can reproduce the full phonon dispersions of
the relevant phonon modes over the full Brillouin zone BZ.
However, there exists arbitrariness in the choice of LWF. In
the case of ABO3 perovskite compounds, for examples, the
highest symmetry of LWF can be achieved by choosing the
local Wannier functions centered at either the A site Ba, Sr
or the B site Ti. In the case of BaTiO3, we chose the Ti-
centered Wannier function as a basis for the effective Hamil-
tonian because the Ti–O bond is much stronger than the
Ba–O bond and the Ti displacement is more significant in the
ferroelectric transition.6
Among the phonon modes of cubic perovskite oxides,
only the lowest TO1 modes 15 soft modes and long-
wavelength acoustic modes elastic strain terms make a sig-
nificant contribution to ferroelectric transitions.6,8 Since we
focus primarily on the ferroelectric distortions along the c
direction, the degrees of freedom can be further reduced
down to the TO1 displacements and acoustic modes along
the c axis only.
For the Ti-centered Wannier function corresponding to
the TO1 soft mode, we approximate it by the “local mode”
containing the least number of atoms restricting it to the
Ti-centered unit-cell as shown in Fig. 1. This approximate
LWF centered at the Ti atom can be represented by the five
components such as = a,t,o1 ,o2 ,o2, where a, t, o1, and o2
are site parameters corresponding to the displacements of the
A-site atom a, the Ti atom t, the apical oxygen o1, and
the equatorial oxygen o2. From the calculated TO1 normal
mode of the components uA,uTi ,uO1 ,uO2 ,uO2, we approxi-
mate the local Wannier function corresponding to the TO1
mode by = a,t,o1 ,o2 ,o2= uA /8,uTi ,uO1 /2,uO2/2 /2,
uO2/2 /2 as shown in Table II. In fact, a properly selected
local mode could reproduce the soft mode dispersion relation
throughout the BZ and minimize interactions between adja-
cent local modes.6
While the optical soft mode can be represented by the
local mode i centered at the Ti site at the ith cell, we need to
describe the strain degrees of freedom associated with acous-
tic modes in terms of the displacements of the ith cell bound-
aries. Therefore, in terms of the local mode i and the strain
variable  i, we can construct the effective Hamiltonian,
which is decomposed into five terms: a local-mode self-
TABLE I. The c-axis lattice constants and elastic constants of BaTiO3 and
SrTiO3 as determined from the total energy minimization with the in-plane
lattice constrained at that of SrTiO3.
a Å c Å Czz eV /cell
BaTiO3 3.866 4.020 122.9
SrTiO3 3.866 3.866 136.3
FIG. 1. Color online The c components of the Ti-centered lattice Wannier
function at the a=Ba Sr, t=Ti, and o1 ,o2=O atoms are represented by
large cyan, medium magneta, and small white circles, respectively.
TABLE II. Approximate Ti-centered local Wannier function for the TO1
mode and the components of its normalized eigenvectors.
Mode Site parameters Eigenvector components
BaTiO3 SrTiO3
15 8a 0.171 0.523
t 0.783 0.576
2o1 −0.520 −0.245
2o2 −0.214 −0.409
2o2 −0.214 −0.409
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energy, a long-range dipole-dipole interaction, a short-range
interaction between soft modes and an elastic energy, and an
interaction between local modes and strains.6 In this paper,
we categorize the terms into three parts: i the local mode
contribution including local-mode self-energy, dipole-dipole
interactions, and short-range interactions between soft
modes, ii the strain contribution including both homoge-
neous and inhomogeneous terms, and iii the coupling be-
tween local modes and strains.
B. Local mode energy
The self-energy term in the effective Hamiltonian can be
written as
Hself = 
i
hselfi , 1
where hselfi is the self-energy of an isolated local mode
with an amplitude i Ref. 6 at the ith cell which can be
obtained by a Taylor expansion of the energy surface around
the high-symmetry undistorted structure up to the fourth-
order anharmonic term. Here it is noted that we replace i by
its c-component i because we consider only the
c-directional polarization. The anharmonic terms are in-
cluded to describe the ferroelectric phase. Since the reference
structure is tetragonal, we consider only the even terms so
that the i-mode self-energy at the ith cell can be represented
by
hselfi = Aii
2 + Bii
4
, 2
where the expansion coefficients Ai and Bi can be determined
from first-principles calculations.
The second term in the local mode contribution arises
from the long-range dipole-dipole interaction between local
modes
Hdpl = 
ij
hdpli, j , 3
where hdpli , j represents an interaction between the dipole
moments associated with the local modes i and  j at the ith
and jth sites, respectively,
hdpli, j = Di,j
Z¯ i
Z¯ j


i j , 4
where the dipole moment is associated with i by di=Z¯i
i
and the dipole-dipole coupling is parameterized by the mode
effective charge Z¯ and the electronic dielectric constant .
The mode effective charge at the ith site can be obtained
from the eigenvector u of the soft mode together with the
calculated Born effective charges for the ions12 as follows:
Z¯i

= Zi,a
 ui,a + Zi,ti
 ui,ti + Zi,o1
 ui,o1 + 2Zi,o2
 ui,o2. 5
In order to evaluate Hdpl in Eq. 3, we use an Ewald
construction13 adapted for the superlattices
Di,j =
2
V 
G0
1
G 
exp− G 2
42
Gz2 cosG · R ij − 233		ij .
6
The third term is the energy contribution due to the short-
range interactions between neighboring local modes, exclud-
ing dipole-dipole interactions, which originates from differ-
ences of the short-range repulsion and electronic
hybridization between neighboring local modes
Hshort = 
i
hshorti,i+1 , 7
where we take account of only the nearest neighbor coupling
terms, expanding up to the second order
hshorti,i+1 = 2Ji+1/2ii+1 8
where the coupling coefficient Ji+1/2 between ith and i
+1th layer units needs to be determined from first-principles
calculations.
C. Elastic energy
To describe the elastic deformation of ABO3 layers
along the c direction of the superlattices, we introduce the
global variable  as the homogeneous strain and the local
acoustic mode i for the local strain. The local acoustic
modes i as represented by i= vi+1/2−vi−1/2 /ci with a
periodic boundary condition vN+1/2=v1/2 cannot contribute
to the global strain or deformation. Here the vi
1/2 repre-
sents the displacement of either side of the ith layer bound-
aries, i.e., BaO or SrO layers in the BTn / STm superlat-
tices. The harmonic contribution to the total elastic energy
can be expanded as
Helas = 
i

hH
elas + hI
elasi . 9
The homogeneous strain term hH
elas can be represented by
hH
elas =
1
2
Cg2, 10
where Cg is an average elastic constant for the superlattice
consisting of different materials with different elastic con-
stants Czz. The inhomogeneous elastic energy of the ith layer
is given by
hI
elasi =
1
2
Cii
2 11
where Ci is an elastic constant Czz of the corresponding ma-
terials at the ith layer.
D. Coupling between local modes and elastic
deformations
To account for the coupling between elastic deforma-
tions and local modes, we consider on-site interactions. The
on-site interaction terms are
hH
coupi, = gii
2
, 12
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hI
coupi,i = giii
2
, 13
where the coupling constants gi between the local-modes
and the strains of BaTiO3 and SrTiO3 are also to be deter-
mined from first-principles calculations where we assume the
Gruneisen-type interactions i.e., linear in strain and qua-
dratic in soft-mode variables. Taking account of both homo-
geneous and inhomogeneous strains, we can express the cou-
pling term as
Hcoup = 
i

hH
coupi, + hI
coupi,i . 14
III. PARAMETERS OF THE EFFECTIVE HAMILTONIAN
AND ITS APPLICATION
All the first-principles calculations for the parameters of
the effective Hamiltonian for the bulk BaTiO3 and SrTiO3
components are done by using the density-functional method
within the local-density approximation14,15 as implemented
with a plane-wave basis in the Vienna ab initio simulations
package.16,17 The projector augmented wave PAW
potentials18 explicitly treat ten valence electrons for Ba
5s25p66s2, Sr 4s24p65s2, 12 for Ti 3s23p63d24s2, and 6
for oxygens 2s22p4. An energy cutoff of 600 eV is used.
Brillouin zone integrations is 666 Monkhorst–Pack
mesh. To simulate the experimental condition where super-
lattices are grown on the SrTiO3 substrate, we assume the
superlattice to be strained at the theoretical lattice constant of
cubic ST aST=3.866 Å in this investigation. The calculated
lattice constants for the strained bulk BT and ST are listed in
Table I.
A. Parameters of bulk BaTiO3 and SrTiO3
The effective Hamiltonians for the BaTiO3 and SrTiO3
layer components within the BTn / STm superlattices can
be expressed by the full terms combining the local mode, the
elastic deformation, and their interactions as follows:
Heff
i,i = 
i
hselfi + 
ij
hdpli, j
+ 
i
hshorti,i+1 + Helas + Hcoup, 15
where the set of parameters for BaTiO3 and SrTiO3 can be
determined from the first-principles calculations of each at
the given lattice configurations, respectively.
For the evaluation of the local self energy parameters, Ai
and Bi, we consider the individual bulk systems of BaTiO3
and SrTiO3 separately. We perform total energy calculations
with the  and X phonon modulations with the correspond-
ing amplitudes  and X for the bulk BaTiO3 and SrTiO3
systems. By fitting to the total energy curves as shown in
Fig. 2, we can estimate the harmonic and anharmonic coef-
ficients K and B = and X for each system by using the
following formula:
E = K
2 + B
4
,
16
EX = KXX
2 + BXX
4
.
From the effective Hamiltonian of Eq. 15 for the bulk
systems, we can derive the same energy expression for the
total energies E = and X. By identifying the total en-
ergy formulae in terms of the local modes, we obtain the
following relations:
K = A + 2Ji+1/2 − D1z/2 ,
17
KX = A + 2Ji+1/2 + D2z/2 .
Here we assume that the anharmonic terms are same, i.e.,
B=BX=B, which is a reasonable approximation as dis-
cussed in Ref. 8. The K = and X are determined from
the fit to the total energy curves. On the other hand, however,
the D1 and D2 terms in Eq. 17 involve the long range
dipole-dipole interactions. The evaluation of D1 and D2 re-
quires the Ewald summation in Eq. 6. The Born effective
charges are calculated by adopting the Berry phase
methods19 and the results are listed in Table III. The elec-
tronic dielectric constants of BT and ST Ref. 12 are taken
as BT

=5.24 and ST =5.18. By combining all the results in-
FIG. 2. Color online Best fits to the total energy curves of the a  and b
X phonon local modes. Solid lines represent the results for BT and dashed
lines for ST.
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cluding the total energies and the Ewald summations, we can
determine all the parameters A, B, and J of the effective
Hamiltonians both BaTiO3 and SrTiO3, respectively, as listed
in Table IV.
The elastic constants in Eqs. 10 and 11 can be calcu-
lated from the total energy calculations for the strained sys-
tems as shown in Fig. 3. The elastic constants of BT and ST
are similar CBT=122.9 eV /unit cell ,CST
=136.3 eV /unit cell. For the homogeneous global elastic
constants of the BTn / STm superlattices, we can use an
average value Cg= nCBT+mCST / n+m, where n and m are
the number of BaTiO3 and SrTiO3 layers per superlattice unit
cell, respectively.
The estimations of the on-site coupling constants gi in
Eqs. 12 and 13 are made from the density-functional
theory calculations of the change of K with respect to the
c-directional strain, which corresponds to the coupling be-
tween local mode and strain of BaTiO3 and SrTiO3, respec-
tively, as shown in Fig. 4. Here we assume the Gruneisen-
type interactions, i.e., linear in strain and quadratic in soft-
mode variables. The calculated coupling constants are gBT
=−92.20 eV /Å2 and gST=−59.30 eV /Å2. It is noted that
the absolute magnitude of gBT is larger than that of gST,
which is one of reasons why the tetragonal ferroelectric
phase transition is more favored in BT than in ST.
B. Application of the effective Hamiltonian to
„BaTiO3…n / „SrTiO3…m
Now we consider the effective lattice Hamiltonian for
the BTn / STm superlattices based on the parameters as
determined from first-principles calculations. Since all the
parameters in the effective Hamiltonian are determined via
the bulk calculations of each component of the superlattice,
it is necessary to choose the parameters for the superlattice
with care. In this work, we take an average Hamiltonian in a
sense that the local parameters for the Ti-layers sandwiched
by BaO and SrO layers such as Ai, Bi, Ci, Z¯i

, and gi are taken
as an average of the corresponding parameters of two neigh-
boring components. Otherwise those local parameters in the
superlattice should be chosen as one of either BaTiO3 or
SrTiO3. On the other hand, however, it is not necessary to
take an average for the interlayer terms like Ji+1/2 because it
belongs to one of either the BaO or the SrO layers between
two TiO2 layers. As for the evaluation of the long range
dipole-dipole interaction in Eq. 4, we simply take an aver-
age of the two dielectric constants BT =5.24 and ST =5.18
Ref. 20 because the difference can be negligible.
In order to verify the use of this effective Hamiltonian,
we apply the model to the five-layer BaTiO3 /SrTiO3 super-
lattices, i.e., BTn / STm n+m=5 systems for comparison
with the previous work of both first-principles calculations
and electrostatic model analysis.2 Figure 5 shows the results
of our Heff model analysis for the BTn / STm n+m=5
systems together with the first-principles and electrostatic
model fit results taken from Ref. 2 for comparison. Even
though our model uses just predetermined parameters of
bulk-states ferroelectric materials, it exhibits reasonable
TABLE IV. The harmonic coefficients K and KX as determined by first-
principles calculations, the dipole-dipole interaction coefficients D1 and D2,
the mode effective charge coefficients z= Z¯ 2 /, and the derived local
coefficients A, B, J in the quadratic part of Heff. D1 and D2 are dimension-
less, B is eV /Å4, and the others are in eV /Å2.
K KX D1 D2 z= Z¯ 2 /
BaTiO3 −2.431 9.970 0.886 2.377 19.89
SrTiO3 0.265 10.76 1.044 2.414 14.45
A B J
BaTiO3 −3.650 97.56 5.015
SrTiO3 0.564 32.59 3.622
FIG. 3. Color online Elastic constants calculated from first-principles cal-
culations for bulk BaTiO3 and SrTiO3. Elastic constants are given in
eV /cell. Solid lines represent the results for BT and dashed lines for ST.
FIG. 4. Color online Calculated on-site coupling constants between lattice
instability and strain for bulk BaTiO3 and SrTiO3. Solid lines represent the
results for BT and dashed lines for ST.
TABLE III. Effective charges calculated from the first-principles geometric
phase approach. These values are used in the long-range dipole-dipole in-
teractions.
Za
 Zt
 Zo1
 Zo2

BaTiO3 2.751 7.398 −5.858 −2.157
SrTiO3 2.540 7.313 −5.762 −2.041
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agreements with first-principles calculations for both average
polarizations and tetragonality, i.e., the c /a ratio. In Fig. 5,
one can observe some systematic deviation of our model
calculation results from those of the first-principles calcula-
tions as the number of BaTiO3 layers gets reduced down to
n /m=2 /3 and 1 /4. In fact, the electrostatic model fit also
shows relatively large deviation for the case of n /m=1 /4.
We consider two possible reasons for the discrepancy
between the effective Hamiltonian and first-principles re-
sults. The first candidate is a neglected linear term in the
local mode i at the interface, which should be allowed by
symmetry. To find out the effect of the linear term, we have
calculated the force term at the BT/ST interface from first
principles and estimated its effect by solving the effective
Hamiltonian. From the results, we obtained that the linear
term at the BT/ST interface is not significant numerically and
does not affect the local polarization, which is consistent
with the previous report.11 Another missing component in
our model Hamiltonian is the distortion of the local structure
at the interface which may change the local Wannier function
so that the bulk local mode i is no longer a proper eigen-
mode. This interface distortion can give rise to a sizable
renormalization of the self energy hselfi with a reduced
magnitude of Ai,20 thereby contributing to the reduction of
ferroelectric instability when the relative weight of the inter-
face fraction is large compared to the ferroelectric BT com-
ponent. To simulate the effect of the reduced Ai, we recal-
culated the relative polarizations of the 2 /3 and 1 /4
superlattices by using the ABT parameters reduced by 95%
and 88%, respectively. The agreement of the reduced ABT
results with first-principles ones as shown in Fig. 5 implies
that the variation of local ferroelectric instability is important
for the understanding of ferroelectric polarizations and prop-
erties of the superlattices when the thickness of ferroelectric
components becomes atomically thin.
In addition to the average polarization and tetragonality
of the superlattice, we also calculated the layer-dependent
local polarization Pi and local tetragonality c /a from the
effective Hamiltonian by performing the energy minimiza-
tion with respect to all the i’s, i’s and . Figure 6 shows
that polarizations and tetragonalities of BT are largest, those
of ST are smallest, and those of interface are intermediate.
The macroscopic average model cannot describe the layer-
dependent local polarizations and tetragonalities of BT/ST
superlattices because it does not take account of the variation
of local polarizations near the BT and ST interface regions.
The changes of global and local tetragonality as shown in
Figs. 5 and 6b reflect the contribution from the global strain
energy as well as the coupling between the global strain and
the local mode. Although the Ai, Bi, and Ji+1/2 parameters of
the BT, ST, and I layers were determined from first-
principles calculations, the coupling between strain and local
mode plays a role in determination of the local polarization
and tetragonality of each layer, which deviates from its ideal
value depending on the m /n composition of the superlattice.
We have shown that an effective Hamiltonian model can
be applied well to ferroelectric superlattices. Unlike the pre-
vious macroscopic models, our first-principles effective
FIG. 5. Color online Comparison of first-principles calculations with ef-
fective Hamiltonian results on the average polarization and tetragonality as
a function of = lST / lBT= cSTm / cBTn for each superlattice. Open dia-
monds and open squares represent the average polarization and tetragonal-
ity, respectively, taken from first-principles calculations of Ref. 2; filled
red diamonds and squares represent the effective Hamiltonian results of
average polarization and tetragonality, respectively. The dotted line is a re-
sult of the macroscopic theory using BT /ST=0.4229 as a adjusting fitting
parameter. P0 is a polarization of the tetragonal BaTiO3. The fractional
numbers beside the marks denote the n /m of BaTiO3n / SrTiO3m.
FIG. 6. a Relative local polarization P / P0 and b local tetragonality at
the ith layer in the five-layer supercell computed from our effective Hamil-
tonian for each superlattice. P0 is a polarization of the tetragonal BaTiO3.
The BT, ST, and I labels represents the Ti-centered layer sandwiched by two
BT layers, two ST layers, and BT-ST layers at the sides of TiO2-layer,
respectively.
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Hamiltonian model uses only the predetermined parameters
from first-principles calculations. Additionally, it fits well to
not only average polarizations but also local polarizations of
first-principles. Contrary to the VCA approach, where only
the average value for the local mode is used and the differ-
ence of BT and ST were included through the elastic-phonon
coupling, our effective Hamiltonian adopted all the explicit
parameters calculated for the local mode as well as elastic
terms including the coupling between them. Consequently,
we can reproduce the variation of the local polarization and
tetragonality without any constraint on the variables. This
suggest that first-principles-based effective Hamiltonian can
be a powerful method to investigate the ferroelectric polar-
izations of oxide superlattices. If the modulation periods,
however, is very short, in other words, the interface fraction
is significant, subtle and intricate interface effects may be
important or even dominant when atomic reconstructions,
asymmetric structure around interface, and chemical bond-
ings different from bulk in atomistic scale are concerned.
Thus, additional terms in the effective Hamiltonian may be
needed beyond the simple average model. More discussion
about these interface effects in superlattices, especially when
there is a high concentration of interfaces, is under investi-
gation by the effective Hamiltonian methods.
IV. SUMMARY
We have presented an effective Hamiltonian and the
first-principles evaluation of its parameters for the descrip-
tion of ferroelectric polarizations in the perovskite superlat-
tices such as BaTiO3m / SrTiO3n. As an application of the
effective Hamiltonian for the BTn / STm n+m=5 super-
lattices, it is shown that even a simple average model could
reproduce the polarizations in good agreement with first-
principles results. Our effective lattice Hamiltonian takes
into account not only the macroscopic terms but also the
atomic scale effects arising from the microscopic variation of
the local modes as well as the lattice strains and exhibits
good agreement with first-principles calculations. Therefore,
this effective Hamiltonian derived from the first-principles
calculations can serve as a good model for the superlattices.
Despite that the current work focuses on the parameters for
each constituent, we also stress the importance of the inter-
face contributions.
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